Many genes involved in cell division and DNA replication and their protein products have been identified in bacteria; however, little is known about the cell cycle regulation of the intracellular concentration of these proteins. It has been shown that the level of the tubulin-like GTPase FtsZ is critical for the initiation of cell division in bacteria. We show that the concentration of FtsZ varies dramatically during the cell cycle of Caulobacter crescentus. Caulobacter produce two different cell types at each cell division: (i) a sessile stalked cell that can initiate DNA replication immediately after cell division and (ii) a motile swarmer cell in which DNA replication is blocked. After cell division, only the stalked cell contains FtsZ. FtsZ is synthesized slightly before the swarmer cells differentiate into stalked cells and the intracellular concentration of FtsZ is maximal at the beginning of cell division. Late in the cell cycle, after the completion of chromosome replication, the level of FtsZ decreases dramatically. This decrease is probably mostly due to the degradation of FtsZ in the swarmer compartment of the predivisional cell. Thus, the variation ofFtsZ concentration parallels the pattern of DNA synthesis. Constitutive expression of FtsZ leads to defects in stalk biosynthesis suggesting a role for FtsZ in this developmental process in addition to its role in cell division.
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The cell division cycle and the DNA replication cycle must be well-coordinated for cell proliferation to proceed normally and for each progeny cell to inherit its complement of genetic material. In bacteria with no obvious differentiation, such as Escherichia coli during exponential growth, the task of coordinating the expression and function of a multitude of cell division and DNA replication genes is a formidable one (reviewed in ref. 1) . Another layer of complexity is added in differentiating bacteria that coordinate specific developmental stages with cell division and DNA replication.
In the dimorphic alpha-purple bacterium Caulobacter crescentus, compartmentalization of the predivisional cell is coincident with the establishment of distinct programs of gene expression in the incipient swarmer and stalked cells (for reviews, see refs. 2 and 3). In this organism, cell division always produces two different cell types: (i) a swarmer cell and (ii) a stalked cell. The swarmer cell is a slow-growing, motile, and chemotactically competent cell that is incapable of DNA replication. After approximately 25-33% of the cell cycle, the swarmer cell differentiates into a stalked cell: it sheds its flagellum, initiates DNA replication, and synthesizes a stalk (a thin cylindrical extension of the cell surface layer) at the pole previously occupied by the flagellum. Cell growth eventually leads to the formation of a predivisional cell in which a flagellum is synthesized de novo at the pole opposite the stalk. After cell division, the progeny stalked cell is immediately capable of initiating a new round of DNA replication and cell growth.
Analysis of the effects of cell division mutations and of penicillin on C. crescentus has determined that the completion of early cell division steps is required for developmental events such as the activation of the flagellum, stalk formation, and for the correct assembly of surface structures at the nascent swarmer pole of the cell, even though DNA replication still proceeds normally (4) . The coupling between cell division and differentiation events is also exemplified by the fact that mutants blocked early in flagellum synthesis or assembly (class II mutants) exhibit a delay in the timing of cell division, resulting in the formation of filamentous cells (2, 3) . This indicates that a developmental checkpoint links early flagellum morphogenesis to cell division. Expression of the early class II flagellar genes is required for the expression of late flagellar genes. Because late flagellar genes have been shown to be transcribed specifically in the swarmer compartment of the predivisional cell after a cell division barrier has been formed (5, 6) , this checkpoint would ensure that late flagellar gene expression occurs after initiation of cell division. Conversely, the gyrB gene, encoding the gyrase B subunit, and an early flagellar gene, fliF, are transcribed only in the stalked compartment of the predivisional cell where they are required immediately after division (7, 8) .
In bacteria, the initiation of cell division requires the tubulin-like GTPase FtsZ (reviewed in refs. 9 and 10). FtsZ is a highly conserved protein (11, 12 ) that polymerizes into a ring structure associated with the cytoplasmic membrane at the site of cell division (13, 14) . The assembly of this ring is thought to select the site of cell division, to recruit other cell division proteins, and/or to constrict and provide mechanical force for division (9, 10, 15) . To investigate the coupling of cell division and cell differentiation in C. crescentus, we have initiated a study of the ftsZ gene. Here we report the cloning and characterization offtsZ. We show thatftsZ is essential and that the intracellular concentration of FtsZ is highly regulated during the cell cycle. FtsZ is first detected at approximately the swarmer-to-stalked cell differentiation stage and its level is maximal during the early stages of cell division. After cell division, FtsZ is only present in stalked cells, presumably as a result of its degradation in swarmer cells. This indicates a coupling between the cell cycle and developmental regulation of this important cell division protein.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, Media, and Growth Conditions. E. coli DH1 1S F' (16) was used as a host for cloning and S17-1 (17) was used for conjugal transfer of plasmids to C. crescentus. C. crescentus strains were all derivatives of strain NA1000 (18) . All strains were grown as described (19 (24) as a probe as previously described for rpoN (19) . From the identified cosmid (T46), a 2.0-kb BamHI-HindIII fragment that hybridized to the R. meliloti probe was subcloned into pSKII+ and sequenced on both strands. One ORF with a high G+C bias at the third position was identified, measuring 1523 bp with the potential to code for a 508 amino acid protein with a predicted molecular weight of 54 kDa.
The predicted protein product of this ORF has a high degree of sequence similarity with all the predicted products of ftsZ genes sequenced thus far ( Fig. 1 ) and will henceforth be referred to as FtsZ. After the highly conserved N-terminal region (the first -330 amino acids), the only other region of sequence similarity is a highly conserved extreme C-terminal sequence found in the vast majority of FtsZ sequences. The C-terminal domain of similarity has the consensus sequence L(D,E)(I,V)PX(F,Y)(L,I)(R,K) and is found only a few amino acids before the end of the FtsZ proteins. The region between the N-terminal domain of similarity and the C-terminal domain of similarity varies extensively, both in length and in sequence. Even between the closely related Streptomyces griseus and Streptomyces coelicolor, this spacer region has only 56% sequence identity, whereas the rest of the protein has only one nonconserved amino acid out of 319. A striking feature of C. crescentus FtsZ also found in R. meliloti FtsZl is the length of the spacer region: 178 and 261 amino acids, respectively, compared with an average of 63 amino acids for the other FtsZ proteins. The spacer region of C. crescentus FtsZ contains an unusually high number of proline (16%) and charged residues (8% arginines and 12% glutamates) as compared with the rest of the protein, as is the case in R. meliloti FtsZl (24) . The spacer region of C. crescentus FtsZ is predicted by the PRO-TEINSTRUCTURE program to be highly flexible and to have a high probability to be located at the surface of the protein. We hypothesize that this region acts as a flexible spacer between the N-terminal domain of similarity and the C-terminal domain of similarity and could also serve as a target for proteolysis (see below).
The position of the ftsZ gene on the physical map of C. crescentus was determined by Southern blot hybridization as described previously (19) . The ftsZ probe hybridized to the 223-kb Spel fragment, the 405-kb Asel fragment, and the 133-kb Dral fragment at approximately map position 3150 kb (data not shown).
TheftsZ Gene Is Essential for Viability in C. crescentus. We used homologous recombination of plasmids containing different portions offtsZ to determine whetherftsZ is essential in C. crescentus. Because the conjugative plasmid pBGST18 cannot replicate in C. crescentus, selection for kanamycinresistant transconjugants selects for integration of the plasmid by homologous recombination within a chromosomal locus if the plasmid contains DNA from the same locus. We constructed three plasmids. As a control for homologous recombination at theftsZ locus, we found that integration of pAN and pAC occurred readily (2 x 10-6 kanamycin-resistant transconjugants per C. crescentus cell). Integration of these plasmids recreates a complete copy of ftsZ in addition to generating a truncated copy of ftsZ. In contrast, integration of plasmid pANC, containing a 1-kb PstI fragment coding for an internal portion of ftsZ (from codon 158 to codon 483), occurred at a 1000-fold lower frequency (7 x 10-9 kanamycin-resistant transconjugants per C. crescentus cell). Matings carried out under the same conditions using pBGST18 containing no C. crescentus DNA gave a comparable number of kanamycinresistant colonies. Because the pANC plasmid is missing both the N-and C-terminal coding regions, its integration by homologous recombination results in a gene disruption inftsZ. When a second copy of ftsZ was provided on cosmid T46, integration of pANC occurred readily with a frequency equivalent to that of the integration of pAN or pAC into NA1000 or NA1000/T46 (3 x 10-6 kanamycin-resistant transconjugants per C. crescentus cell). We conclude from these experiments that the ftsZ gene is essential in C. crescentus.
Identification of the C. (11) . Fig. 2A shows that this is also the case in C. crescentus, where the crossreactive protein has an apparent molecular mass of 65 kDa. This is larger than the expected molecular mass of 54 kDa predicted from the primary sequence offtsZ. crescentus, swarmer cells were isolated and were allowed to proceed synchronously through the cell cycle. At 15-min intervals, aliquots from the synchronous culture were removed and used to prepare cell lysates that were analyzed by SDS/ PAGE. Proteins were transferred to nitrocellulose paper and immunoblotted using an anti-E. coli FtsZ antibody. The immunoblot in Fig. 2B shows that 195 min) . We investigated the fate of FtsZ after cell division by separating swarmer and stalked cells from the 150 min culture and subjecting them to immunoblot analysis. All the FtsZ was found in the stalked cell fraction and none was detected in swarmer cells (Fig. 2B) .
Expression of the C. crescentusftsZ Gene in E. coli Affects the Frequency of Cell Division. To determine if C. crescentus FtsZ has biological activity in E. coli, we examined the E. coli cells containing either pHB2.0 or pHB2.Orev under various conditions. Cell division is inhibited almost immediately when ftsZ is expressed at a relatively high level under the control of the fully induced lac promoter (Fig. 3D) . Cell elongation is obvious only 1 hr after addition of IPTG and subsequently leads to the formation of long, smooth filaments with no sign of constriction, indicating that division has been inhibited at the initiation step. Even without IPTG to induce the lac promoter, cells are filamentous when they reach stationary phase (data not shown). This may be due to the background level of lac promoter activity transcribingftsZ or to the activity of the native ftsZ promoter. overproduction of E. coli FtsZ to a level 5-fold higher than normal (25) . The presence of pHB2.Orev in E. coli causes a broadening of the cell-length distribution in exponential phase compared to a culture of DH11S without plasmid or DH11S containing pSKII+ (data not shown). This leads to a higher level of cells that measure 50-70% of the mean cell length of a culture of DH11S/pHB2.Orev grown in the presence of IPTG (Fig. 3 B and C) . The accumulation of smaller cells is even more dramatic in early stationary phase. Because the growth rate of the two strains is not significantly different (data not shown), this suggests that expression of C. crescentusftsZ leads to erratic placement of the cell division site in E. coli. This is also the case with expression of R. meliloti FtsZl gene (24) and for a 2-to 3-fold overexpression of E. coli FtsZ (25) . The expression of ftsZ in pHB2.Orev probably comes from a C. crescentus promoter or a cryptic promoter within the 200-bp upstream of the translation start site of ftsZ that can be recognized in E. coli. Indeed, we have found that the native ftsZ promoter is in this region (A. J. Kelly and Y.V.B., unpublished work). The fact that induction of the lac promoter by addition of IPTG to DH11S/pHB2.Orev restores cell-length distribution to normal (Fig. 3C) suggests that strong transcription coming from the lac promoter inhibits transcription offtsZ or produces anti-sense ftsZ RNA, thereby eliminating the low Fig. 4A4 ). This was also the case for NA1000 containing pGL10 (withoutftsZ) in the presence of 10 mM IPTG (Fig. 4A) . When NA1000/ptacZ was grown in the presence of 1 or 10 mM IPTG, the majority of the cells had bifurcated stalks with a flagellum still attached to one of the stalk branches (Fig. 4 B-D Because ftsZ is the earliest acting cell division gene known in bacteria and it is involved in the positioning of the division site, it is likely to be involved in the coupling of cell differentiation and the cell division cycle. We report an example of cell cycle variation in the abundance of a bacterial cell division protein, the FtsZ protein of C. crescentus. In addition, we show that this important cell division initiation protein is developmentally regulated and is only present in the stalked cell after cell division.
The most striking finding from this study is (Fig. 2B) . Interestingly, this coincides with the postsynthetic gap (G2) in DNA synthesis (30, 31 (Fig. 2B) . Our estimate from this and other cell cycle immunoblots and from pulse-chase immunoprecipitations is that the half-life of FtsZ is less than 0.2 cell division unit. This is in contrast to the situation in E. coli where the half-life of FtsZ is more than one generation (33) . This may reflect the fact that in E. coli both progeny cells are essentially equivalent and initiate a new round of growth and division, whereas cell division in C. crescentus gives rise to cells that differ in their ability to replicate DNA. This dramatic regulation of FtsZ concentration in C. crescentus is a clear example of developmental regulation of a cell division protein.
In S. griseus, the level of both the ftsZ mRNA and of the FtsZ protein have been found to be essentially the same during both vegetative growth and sporulation (34) , and in Bacillus subtilis, the level of FtsZ decreases 2-to 3-fold during the first 2 hr of sporulation, but then remains constant (35) . In nutritional shift-up experiments in E. coli, the level of ftsZ mRNA has been shown to reach a maximum at about the time DNA replication initiates (33) . It is not known to what extent the level of FtsZ varies during the cell cycle in E. coli. However, the fact that FtsZ is rate-limiting for cell division, that an overproduction of FtsZ leads to the formation of minicells, and that a higher overproduction of FtsZ inhibits cell division has been interpreted as meaning that the level of FtsZ is tightly controlled and that FtsZ needs to accumulate to a critical level for cell division to be initiated (9, 33) .
FtsZ is rapidly degraded late in cell division. This leads to the cell type-specific localization of FtsZ upon cell separation. We hypothesize that this is due to either a differential degradation or a differential synthesis of FtsZ in the swarmer and stalked compartments, or a combination of both. A site for FtsZ proteolysis may be the proline-rich region between the N-terminal domain of similarity and the C-terminal domain of similarity. Proline-rich regions have been shown to be exposed to solvent and to exhibit substantial conformational flexibility (36) because they are unable to fold into a compact structure (37) . Other cases of developmental regulation by proteolysis are known in C. crescentus. The chemoreceptor protein McpA is present in swarmer cells and is degraded during the swarmerto-stalked cell differentiation stage (23) . McpA degradation requires a short 14 amino acid sequence located at its C terminus. The DNA methyltransferase CcrM is also subject to proteolysis as cells approach division (38) and constitutive expression of CcrM causes developmental abnormalities (39) .
Developmentally regulated proteolysis presumably serves to prevent the presence of certain proteins at the wrong place or at the wrong time during cell differentiation. In the case of FtsZ, its constitutive expression causes the synthesis of bifurcated stalks with a flagellum still attached to one of the stalk branches. This phenotype could be caused indirectly by FtsZ binding to the flagellated pole of the cell and interfering with polar differentiation events, or it might be indicative of a more direct role of FtsZ in stalk synthesis. Because FtsZ is synthesized just before the time of stalk biosynthesis, we speculate that FtsZ plays a direct role in stalk biosynthesis. Its expression early in swarmer cells when it is transcribed by the induced tac promoter might lead to premature initiation of stalk biosynthesis, thus trapping the flagellum at the tip of the stalk. FtsZ could be involved in the topological reorientation of peptidoglycan biosynthesis required for stalk synthesis in a manner analogous to its role in cell division.
